Carcinogenic tobacco-specific nitrosamines (TSNAs) such as 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) are found only in tobacco and derived products. Food and Drug Administration of the United States (US FDA) lists NNK as one of the 93 harmful and potentially harmful constituents (HPHCs) found in tobacco products and tobacco smoke. The aim of this study was to use the urinary concentration of 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL), a major metabolite of NNK, to quantitatively estimate exposure to NNK in the US general population. In 2011-2012, the Centers for Disease Control and Prevention's National Health and Nutrition Examination Survey (NHANES) collected urine and serum samples from a representative sample of US residents. We used a serum cotinine cutoff of 10 ng/ml with combination of questionnaire data to select non-users from cigarette users and used self-reported data to determine different tobacco product user groups. We estimated the absorbed total daily dose of NNK using a probabilistic method based on a two-compartment model. The geometric mean (GM) for the daily dose of NNK among smokers aged 12-16 years was significantly higher than that for non-users at the same age stage exposed to second-hand smoke (SHS) (P o 0.001). Among those exposed to SHS, the GM for daily dose of NNK in young children (6-11 years) was nearly three times of those for adults in the age range 21-59 years. Among cigarette users, non-Hispanic Whites had the highest NNK daily dose and Mexican Americans had the lowest levels. Exclusive snuff or chewing product users had significantly higher daily dose of NNK than did cigarette smokers. Our study found that the maximum daily dose of NNK for children aged from 6 to 11 years and that for a significant percentage of cigarette users, chewing product and snuff users were higher than an estimated provisional "reference" risk level.
INTRODUCTION
4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) is one of the tobacco-specific nitrosamines (TSNA) that is found only in tobacco and tobacco-derived products. 1, 2 The toxicity of NNK was evaluated in mammals and consistent carcinogenic effects have been observed. [3] [4] [5] [6] [7] Recently, NNK was listed as one of the 93 harmful and potentially harmful constituents (HPHCs) in tobacco products and tobacco smoke by the Food and Drug Administration of the United States. 8 Therefore, information on the body burden of NNK is crucial for assessing health effects associated with tobacco exposure in the general population.
NNK is formed mainly by nitrosation of nicotine and related tobacco alkaloids during tobacco manufacturing procedures, for example, aging, curing and fermentation. In particular, the application of different manufacturing procedures and conditions often leads to varied NNK amounts in various tobacco products. 9, 10 NNK levels among different tobacco products could also vary when factors, that is, soil conditions, agricultural practices and use of fertilizer, change. In addition, NNK can also be formed during the storage and use of tobacco products. 9, 11 Generally, higher levels of NNK have been observed in smokeless tobacco than in cigarettes. 12 NNK is absorbed mainly through direct inhalation of the mainstream smoke (MS) by cigarette smokers 13 and through oral absorption by those using smokeless tobacco products, such as oral snuff and chewing tobacco. Non-smokers absorb it by inhaling second-hand smoke (SHS), resulting from exhaled mainstream smoke and sidestream smoke. 14, 15 People can be exposed to NNK by routes other than inhalation. NNK can be absorbed dermally when NNK on contaminated surfaces touches the skin. In addition, people can be exposed through oral ingestion of dusts containing NNK. NNK absorbed in mammals is metabolized to 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL), with an urinary excretion half-life of 10-45 days. [16] [17] [18] Nearly half of the total NNAL can be further metabolized to 4-hydroxy-4-(3-pyridyl) butanoic acid and NNAL-N-oxide. However, these latter metabolites are not specific to NNK; they can also be produced during the metabolism of nicotine and perhaps other TSNAs. 2, [19] [20] [21] For these reasons NNAL in human urine is recognized as the preferred biomarker of NNK exposure from tobacco.
Since 2007, the US Centers for Disease Control and Prevention (CDC) has been monitoring the total urinary NNAL in representative samples of the US population through the National Health and Nutrition Examination Survey (NHANES). Xia et al. 24 and Bernert et al. 25 reported urinary levels of NNAL in smokers and non-smokers participated in NHANES during 2007-2008, respectively. The major objective of this study was to assess exposure to NNK in the US general population by estimating the total absorbed daily dose of NNK based on total NNAL concentrations measured in urine collected from participants in NHANES conducted during 2011-2012. The results presented in this study provide an effective assessment of the country's NNK exposure, and this assessment can serve as a means of making informed judgments about the need for health protection of the general population, including determining the efficacy of regulation of tobacco products and the best means of preventing cancer.
MATERIALS AND METHODS

Study Population
NHANES is a recurring cross sectional survey conducted by the National Center for Health Statistics (NCHS) of US CDC. NHANES seeks to measure the health and nutrition status of the US general population by use of a representative sample of the civilian non-institutionalized US population. NHANES makes use of household interviews, standardized physical examinations and the collection of medical histories and biological specimens. 26 NHANES 2011-2012 was conducted in 30 locations throughout the United States. Our study includes urinary total NNAL and the serum cotinine from the 2-year survey cycle, including a total of 6705 participants aged ≥ 6 years with valid measurements of these two biomarkers. NHANES was reviewed and approved by the CDC Ethical Review Board and complied with all national and international guidelines on research involving human subjects.
Laboratory Methods
The urine samples were shipped on dry ice to the National Center for Environmental Health at CDC. There, the samples were stored at under − 60°C until analyzed. The analytical method for measuring urinary total NNAL with a limit of detection (LOD) of 0.6 pg/ml has been described in previous studies. 22, 27 Briefly, the analytical approach involved enzymatic hydrolysis of the conjugated species of NNAL with β-glucuronidase in 5 ml urine spiked with 13 C 6 -labeled NNAL internal standard, followed by online solid-phase extraction, separation with high-performance liquid chromatography, and detection by isotope-dilution positive ion electrospray ionization tandem mass spectrometry (HPLC-API MS/MS). Thus, "total" NNAL is the sum of free and conjugated forms of NNAL.
Serum cotinine was measured by using a validated HPLC-API-MS/MS method for all NHANES participants. This method used a LOD of 0.015 ng/ml. 28, 29 Briefly, serum samples were first equilibrated with trideuterated cotinine internal standard and then extracted using ChemElute columns (Varian, CA, USA), followed by evaporative concentration, and analysis by HPLC-API-MS/MS. Urinary creatinine concentration was measured using an automated colorimetric method on a Beckman Coulter UniCel DxC800 Synchron clinical analyzer (Beckman Instruments, Brea, CA, USA). Calibration standards, quality control samples and laboratory blanks were included in each analytical batch, along with the study samples. Instruments were regularly evaluated to maintain the high sensitivity. All reported biomarker results met the accuracy and precision specifications of the rigorous quality control/quality assurance program of the Division of Laboratory Sciences, National Center for Environmental Health, CDC. 30 
Computational Method
Estimation of the daily absorption of NNK using total urinary NNAL concentration. We used a two-compartment computational method to estimate daily NNK dose based on the assumptions that NNK metabolites are eliminated from the human body following a linear two-compartment pattern and that the urinary excretion of these metabolites follows firstorder kinetics. No large-scale study has yet been reported in the peerreviewed literature estimating the daily dose of NNK from tobacco use. Conveniently, a deterministic method based on the same principle was used to study the exposure to phthalate esters by David 31 and Kohn et al. 32 Because NNAL has a relatively long excretion half-life (estimates ranging from 10 to 45 days), [16] [17] [18] a similar method can be used to estimate the NNK dose by assuming that the daily absorption of NNK and metabolic clearance of NNAL could reach a steady state.
Daily dose of NNK was estimated by use of a probabilistic computational approach. To perform the probabilistic computation, we used a Monte Carlo (MC) simulation by sampling the input values from the statistical distributions of involved variables. The principle equation used for calculation was:
where Daily dose i is the i th total daily uptake of NNK (ng/kg-BW/day), UC i is the sampled i th creatinine-corrected urinary NNAL concentration (ng/mg), CE i is the sampled i th creatinine excretion rate normalized by body weight (mg/kg/day) calculated by multiplying creatinine concentration by urine flow rate and dividing by bodyweight, f i is the sampled i th fraction of NNAL excreted through urine (Supplementary Figure S1) , and MW NNK and MW NNAL are the molecular weights of NNK and NNAL, respectively. Twentyfour-hour rate of creatinine excretion was assumed to be the same as for the time integrated by the spot urine. Distributions of those parameters used in MC simulation for different subgroups are listed in Supplementary Tables S1 and S2 (Supplementary Materials).
MC simulation. We performed MC simulations to provide the distributions of parameters involved in the computation (Supplementary Tables S1 and  S2 ). For each sub-group in the population, we simulated 50,000 iterations. Within each iteration, a value of each parameter was randomly selected from its generated distribution. In order to avoid physiologically implausible values for the parameters involved in the simulation, we truncated the upper and lower bounds of each distribution at 1.96 times the SD above and below the mean, a method that includes 95% of the total distribution, following the methods used by Wei et al. 33 The minimum, maximum, weighted means and variances for the measured urinary NNAL for each group were directly inputted into the MC simulations to obtain the distributions of daily absorption of NNK.
Tobacco use Status and Demographic Categories
Participants were categorized as cigarette smokers if their serum cotinine concentrations were 410 ng/ml. 34, 35 Cigarette users who also selfreported use of any other tobacco products within the past 5 days were excluded at the time of the survey, including those using cigar, pipe and snuff, chewing tobacco, patch and gum. Non-users were selected if their serum cotinine concentrations were ≤ 10 ng/ml and those self-reported use of any tobacco products within the past 5 days of the survey were excluded. On the basis of self-reported data, we categorized race/ethnicity into four groups: non-Hispanic white, non-Hispanic black, Mexican American, and other race/ethnicity. Age, reported in years at the last birthday, was categorized in four groups: 6-11 (kids), 12-19 (adolescents), 20-59 (adults), and ≥ 60 (elderly) years.
Software and Statistical Analysis
The geometric means (GM) and the percentiles were calculated using SAS (release 9.3; SAS Institute, Cary, NC, USA) and SUDAAN (release 11.0) after incorporating the sample population weights, which account for unequal selection probabilities, cluster design and planned oversampling of certain subgroups resulting from the complex multistage probability design of NHANES. Statistics were also performed for creatinine-corrected urinary NNAL concentrations to correct for variable urine dilutions in the "spot" samples. Parametric statistics were performed only on categories with sufficient frequency of detection (4 60%) to avoid undue influence on the estimates caused by imputed values in the analyses. For concentrations below the LOD, the value of the LOD divided by the square root of two was substituted. 36, 37 We considered differences between two groups to be statistically significant when P o0.05. The MC simulation was performed by use of Matlab software (R2013a, Mathworks).
RESULTS
In NHANES 2011-2012, we identified 4831 participants as nontobacco users who had serum cotinine levels ⩽10 ng/ml 38 and did not use any tobacco products at the time when samples were collected. Urinary total NNAL was detected in 62.2% of non-tobacco users (Table 1 and Figure 1 ). We also identified 961 participants as active cigarette smokers with serum cotinine 410 ng/ml. Participants without valid measurements for body weights (kg), urine flow (ml/min) and urinary creatinine concentration (mg/dl) were not included in this study even when their urinary NNAL and serum cotinine concentrations were available, because all these measurements were involved in the MC simulation.
Among all non-tobacco users, significantly higher geometric means and 95th percentiles of urinary total NNAL were observed among children aged from 6 to 19 years than those for adults aged 420 years. Creatinine-adjusted concentrations of NNAL were nearly twice as high in children (ages 6-11 years) as those in adolescents (ages 12-19 years) ( Table 2) .
Sixty-six subjects aged 12-19 years were identified as active under-age cigarette users in NHANES 2011-2012. Estimated total daily dose of NNK among these cigarette smokers were 430 times higher than those among non-smokers at the same ages (Table 3) . Both the total daily absorbed NNK and urinary NNAL among these underage smokers were significantly lower than for adult smokers (Table 4) .
Geometric mean and the 95th percentile for both volume-based and creatinine-adjusted urinary total NNAL, categorized in race/ ethnicity groups, are also given in Tables 2 and 4 . Non-Hispanic Blacks had the highest levels at all percentiles for both volumebased and creatinine-corrected NNAL concentrations in the nonsmoker group, while in the cigarette smoker group, non-Hispanic Whites had the highest urinary NNAL concentrations (both volume based and creatinine adjusted). Mexican Americans in both the non-smoker and cigarette smoker groups had consistently lower creatinine-adjusted levels at all percentiles than other race/ethnicities.
One hundred and sixty-one participants reported using other tobacco products, including pipes, cigars, snuff, chewing tobacco, patch, gum and so on. Ninety-four participants used either pipes or cigars, and 55 subjects used either snuff or chewing tobacco products (Table 5 ). Those subjects using nicotine replacement therapy (e.g., patch, gum and so on.) were not listed owing to either small sample size or inappropriateness to combine with other groups. Total urinary NNAL was nearly detected in all those subjects. The creatinine-adjusted geometric mean for pipe or cigar users (36.7 pg/mg creatinine) is less than one-fourth of that for the cigarette users (216 pg/mg creatinine).
DISCUSSION
This study used a MC approach to calculate total daily absorbed dose of NNK. This approach allows for the use of distributions of urinary NNAL concentrations and incorporates variations and uncertainties from factors such as metabolism at a population scale. Take the urinary excretion fraction of NNAL, for example, large variations were observed in metabolism studies, including primates and human. Hecht et al. 39 reported that total NNAL glucuronides accounted for 15-25 % of the urinary metabolites of NNK at all doses examined in patas monkey. Meger et al. 40 reported the urinary excretion of total NNAL was in the range from 25% in 24-h urine to 58% in 10-day urine in rhesus monkey. Instead of the deterministic method in which usually a single value was used for each parameter, the MC approach can generate more realistic distributions of those parameter involved in the simulation (i.e., 15-58% was used for the fraction of NNAL excreted through urine) by propagating the parameter variability into the model, and thus the model output reflects the probabilities that those values could occur. Therefore, the Montel Carlo approach can provide better estimations of the daily absorbed NNK doses. Participants with serum cotinine 410 ng/ml, all those reporting themselves using non-cigarette tobacco products (e.g., cigar, snuff, chewing tobacco, pipe, patch and gum) were excluded. The higher daily dose of NNK among children aged 6-11 years old than those for adults likely reflects the differences in the time activities, the number of smokers in the home, and perhaps the metabolism and so on of children and adults. A previous study found that children living in apartments had higher mean cotinine levels than children in detached houses 41 . In fact, it is very likely that the characteristics of homes can be another important influence in SHS exposure and thus in NNK dose for non-users. Young children may be more vulnerable to household SHS because they may spend more of their time in homes where SHS exists as a result of cigarette use by the smokers in their home; alternatively, SHS could emanate from a smoker's residence in multi-unit housing to expose non-users living in other units. A previous study by Matt et al. 42 suggests that a smoker who smoked outside the home reduced, but not completely eliminated, the exposure of the family to SHS. The reason postulated was that the outside tobacco smoke could penetrate the windows, walls and doors of the indoor environment.
Inhalation exposure in the population exposed to tobacco smoke accounts for a predominant portion of NNK daily uptake for cigarette users, while oral ingestion could be the major NNK exposure source for oral tobacco product users (Figure 2) . Regardless of the tobacco use condition, dermal exposure and oral ingestion cannot be ruled out as exposure contributors to non-tobacco product users. A recent study by Sleiman et al. 43 found that NNK can be produced whenever residual nicotine from tobacco smoke that has sorbed to indoor surfaces, including clothing and human skin, reacts with ambient nitrous acid. This source of NNK has been termed third-hand smoke. According to a series of studies by the US Environmental Protection Agency, 44 young children have higher frequencies of hand-to-mouth and object-to-mouth behaviors than do adults. If we assume that children have been exposed to the same levels of NNK in ambient and indoor air as adults, the daily intake from dermal and oral exposures could be higher for children because of the higher frequencies of children's surface/object-hand-mouth behaviors. Additionally, children are sometimes unaware of the risks of SHS exposure and thus do not distance themselves from adults smoking in their vicinity. These factors may also contribute to the higher NNK dose estimated for children; additional work is needed to characterize the potential health risks associated with these tobacco-related exposures. Higher NNK dose for children also suggests efforts are needed to encourage restrictions on smoking at the locations when children are present. 35 The lower levels in under-age smokers could be explained mainly by the differences in their smoking characteristics-for example, under-age smokers usually consume fewer cigarettes per day (CPD) than do adults for various reasons, including the lower frequency of children's addiction and the greater difficulty of obtaining cigarettes. Although the daily absorbed dose of NNK in adolescent smokers (ages 12-19 years) was significantly lower than those of adult smokers (P o 0.05), these adolescent smokers had NNK doses 30 times higher than adolescents exposed to SHS only.
Estimated total daily dose of NNK show similar variation patterns to the total urinary NNAL among the race/ethnicity Non-tobacco users were selected if their serum cotinine levels were ≤ 10 ng/ml and if they did not self-reported use of any tobacco products, including cigarette, cigar, pipe, snuff, chewing tobacco, patch and gum within the past 5 days of the survey.
Assessment of exposure to NNK by NNAL Table 4 . Geometric means (GM) and selected percentiles for urinary NNAL among cigarette smokers in NHANES 2011-2012.
GM (95% CI)
Selected percentiles (95% confidence interval) 50th 75th 95th
Volume based (pg/ml) Total a groups. These results are consistent with those found in previous studies. [45] [46] [47] Racial/ethnic differences could exist in the entire process, from the absorption to the final excretion of NNK in human bodies. Other plausible factors explaining the differences might be socioeconomic status, smoking behavior and time activity.
We observed that both volume-based and creatinine-adjusted GMs of total urinary NNAL for snuff or chewing tobacco users are 450% higher than those for all cigarette users. Our finding in NHANES 2011-2012 is similar to those previous pilot studies. 48, 49 Correspondingly, the total NNK daily dose in smokeless tobacco users (snuff and chewing tobacco) are significantly higher than those for cigarette smokers and other tobacco users (Table 3) , suggesting smokeless tobacco is not a safe substitute for smoking. Oral tobacco may result in higher NNK exposure because of potentially higher levels of NNK forming in smokeless products.
No minimal risk level or reference dose has been published as a comparison value for the estimated daily dose of NNK in this study. However, toxicological studies have observed prevalent cancer tumors at low doses of NNK administered to laboratory animals. Several studies on rats found a sharp increase in tumor induction occurs between total equivalent subcutaneous doses of approximately 0.3-1.0 mg/kg/day.
3,50,51 Belinsky et al. 52 reported that a 10% tumor incidence was induced at an NNK dose of 0.1 mg/kg in a group of rats treated three times a week for 20 weeks. By including a standard 10-fold inter-species and 10-fold intra-species uncertainty factors, along with a 10-fold chronic uncertainty factor, we derived a provisional "reference" level of 100 ng/kg-bw/day. The estimate daily doses of NNK at higher percentiles among both cigarette and oral tobacco product users are all significantly 4100 ng/kg-bw/day (Table 5 ). Among nontobacco users, the highest percentile for kids also exceeds the level of 100 ng/kg-bw/day. This provisional "reference" level of 100 ng/kg-bw/day was estimated based on limited available studies; additional studies are needed to better characterize the lower end of the dose/response curve. Once these additional studies have been completed, the estimated provisional "reference" level could be o100 ng/kg-bw/day.
NNK is only one of many carcinogenic compounds in tobacco smoke; adverse health outcomes result from the combined effects of chronic exposure to these harmful chemicals. Thus there is no safe level of exposure to tobacco smoke. [53] [54] [55] [56] However, it is still important to conduct an exposure assessment to characterize exposure from multiple sources, including assessing the contribution of a single constituent in tobacco smoke, such as NNK. Such a contribution assessment can establish the exposure-response relationships in human populations. Establishing NNK uptake and urinary excretion in people exposed to tobacco products, for example, can help an investigator make informed judgments about the best means to protect people's health, including determining the efficacy of regulation of tobacco products and the best means of preventing cancer.
In this study, we provide novel estimates of the total daily dose of NNK based on population-representative sampling as part of NHANES 2011-2012. To date, NNK daily dose has not been calculated before for a representative sample of the US population; thus no data are available with which the findings of this study can be compared. Urinary NNAL levels in tobacco users are highly affected by the tobacco consumption 24 and those in second-hand smokers could be significantly associated with the smoking prevalence. Both tobacco consumption and smoking prevalence differ across global countries as a result of different tobacco control policies, 57 which will largely affect the exposure to tobacco smoke in general population. Thus caution should be taken when comparing the results in this study with those observed in other countries. For example, in 2012, estimated smoking prevalence of daily smoking men aged ≥ 15 years ranged from 450% in approximately seven countries (i.e., Armenia, Indonesia, Kiribati and so on) to o 10% in about nine countries (i.e., Antigua and Barbuda, Dominica, Ethiopia and so on). SubSaharan Africa and some developed countries had o 20% smoking prevalence. 57 The estimation of NNK daily dose based on biomarker data is likely more accurate and precise compared with estimates derived from external information, such as NNK concentrations in air, NNK concentrations in mainstream cigarette smoke, CPD and absorption rates. One main strength is that biomarkers integrate contributions from all potential exposure sources (e.g., air inhalation, oral ingestion and dermal exposure), and therefore provide a total exposure estimate. The use of external information for such an estimate, on the other hand, usually renders it difficult to illustrate all exposure scenarios for dose calculation. Such use of external factors could either underestimate the daily intake, if potential exposure routes are not identified and included in the model, or it could overestimate the value because it requires more parameters that introduce more uncertainties and variations into the model. On the downside, the biomarker approach applied in this study only included three major parameters, and the variations and uncertainties associated to the absorption, distribution, metabolism and excretion of NNK may not be thoroughly incorporated into the calculation. For example, in this study, we used the same distributions of the urinary total NNAL excretion fractions for second-hand smokers and combustion tobacco users (i.e., cigarette and cigar users). As a matter of factor, the parameter values could differ across different demographic groups (i.e., gender, race and age) in the population. 24, [58] [59] [60] [61] [62] [63] Besides, parameters, such as excretion fraction, could be dose dependent 64 and could be different among those smokers consuming different numbers of cigarettes daily. Due to the limited information available for the excretion fraction at different CPD levels, we were unable to account dose-dependent variations into the model outputs. Finally, it is not currently feasible to differentiate different tobacco exposure scenarios from each other (i.e., homes, workplaces, social settings, public areas and so on) using biomarker concentrations. Therefore biomarker approach does not differentiate the exposure sources and routes that could affect the absorption, distribution, metabolism and excretion mechanisms of NNK. Other computational methods have been widely developed to address such issues-for example, physiologically based pharmacokinetic modeling combined with external exposure scenarios. 33 Further investigation is needed to characterize the dose variations and contributions of different tobacco exposure sources in population.
